Using optical methods through a closed cranial window over the rat primary sensory cortex in chloralose/ urethane-anesthetized rats we evaluated the time course of oxygen delivery and consumption in response to a physiological stimulus (whisker deflection). Independent methodological approaches (optical imaging spectroscopy, single fiber spectroscopy, oxygen-dependent phosphorescence quenching) were applied to different modes of whisker deflection (single whisker, full whisker pad). Spectroscopic data were evaluated using different algorithms (constant pathlength, differential pathlength correction). We found that whisker deflection is accompanied by a significant increase of oxygenated hemoglobin (oxyHb), followed by an undershoot. An early increase in deoxygenated hemoglobin (deoxy-Hb) proceeded hyperoxygenation when spectroscopic data were analyzed by constant pathlength analysis. However, correcting for the wavelength dependence of photon pathlength in brain tissue (differential pathlength correction) completely eliminated the increase in deoxy-Hb. Oxygen-dependent phosphorescence quenching did not reproducibly detect early deoxygenation. Together with recent fMRI data, our results argue against significant early deoxygenation as a universal phenomenon in functionally activated mammalian brain. Interpreted with a diffusion-limited model of oxygen delivery to brain tissue our results are compatible with coupling between neuronal activity and cerebral blood flow throughout stimulation, as postulated 110 years ago by C. Roy and C. Sherrington (1890, J. Physiol. 11:85-108).
INTRODUCTION
In the brain neuronal activity, metabolism, and regional blood flow are tightly coupled in time and space. Changes in neuronal activity induce localized changes in the metabolism of glucose and oxygen (neurometabolic coupling), as well as blood flow (neurovascular coupling). Mapping of such dynamic changes form the basis of modern functional brain mapping (positron emission tomography, PET; functional magnetic resonance imaging, fMRI (Villringer and Dirnagl, 1995) ). Due to its relatively high temporal (seconds) and spatial (approx. 100 m) resolution as well as its wide availability, fMRI has emerged as today's most commonly applied technique for functional neuroimaging. Blood oxygen level-dependent (BOLD)-fMRI uses the paramagnetic endogenous contrast agent deoxy-hemoglobin (deoxy-Hb) to detect a signal, which results from the complex interaction of stimulation-induced changes in oxygen metabolism (CMRO 2 ) and oxygen delivery (via changes in cerebral blood flow, CBF).
Despite intense research efforts, a number of unresolved issues regarding functional activation induced changes in oxygen consumption and delivery exist, which at present are center stage in the literature. In particular, it remains unclear whether neuronal activation leads to early (Ͻ2 s after stimulation onset) hemoglobin deoxygenation, just before (Ͼ2 s after stimulation onset) the well-characterized hyperoxygenation sets in and peaks with higher amplitude. Several BOLD-fMRI studies have reported an early BOLD signal decrease, which was interpreted as evidence for early deoxygenation (Ernst and Hennig, 1994; Poeggel et al., 1992; Menon et al., 1995; Hu et al., 1997) , while other studies did not confirm this finding (Fransson et al., 1998; Mandeville et al., 1999a) . Since the fMRI signal in principal can be influenced by many other factors beside the concentration of deoxy-Hb (see, e.g., Ernst and Hennig, 1994) , great hope was based on alternative, more direct approaches to detect early deoxygenation. Optical imaging (Malonek and Grinvald, 1996; Villringer and Chance, 1997) seems particularly suited for this task, since in its spectroscopic variant it can measure the concentration of oxy-Hb as well as deoxy-Hb of superficial brain areas. The optical method has been widely applied to functional neuroanatomy (Grinvald et al., 1986) and more recently directly to the investigation of functional activity related hemoglobin oxygenation changes.
Indeed, Malonek and Grinvald (1996) were able to demonstrate by imaging spectroscopy an early increase in the concentration of deoxy-Hb in cat primary visual cortex in response to visual stimulation. Moreover, they showed that mapping of activated cortical areas ("isoorientation columns") using the early deoxygenation signal had superior spatial resolution compared to maps based on the delayed hyperoxygenation. It was concluded that the early increase in deoxy-Hb indicates "early deoxygenation" and represents increased oxygen extraction at a time point when the vascular response to stimulation has not yet set in. Mapping of early deoxygenation would thus provide a faithful map of metabolically active areas. The authors postulated that functional neuroimaging based on early deoxygenation might be superior in temporal and particularly in spatial resolution compared to approaches based on delayed hyperoxygenation (classical BOLD-fMRI) or CBF changes (H 2 O-PET, perfusion-weighted fMRI, etc.) . However, the interpretation of their data with respect to the interrelationship between changes in oxygen metabolism and cerebral blood flow are complicated by the fact that no decrease in oxy-Hb and no increase in regional cerebral blood flow was seen concomitant to the increase in deoxy-Hb (Malonek et al., 1997) . Therefore, an active redistribution of blood volume between local vascular compartments had to be postulated, a physiological response for which no direct evidence is available. In a subsequent study Vanzetta and Grinvald (1999) corroborated their spectroscopic findings by oxygen-dependent quenching of the phosphorescence of a plasmatic porphyrinic probe ("phosphorescence quenching" ). Recently, Kim et al. (2000) succeeded in mapping isoorientation columns in cat primary visual cortex using the initial BOLD signal decrease, while the delayed BOLD increase ("hyperoxygenation") afforded inferior spatial resolution, findings which, however, have been challenged subsequently (Logothetis, 2000) .
Despite the evidence for early deoxygenation in primary visual cortex of the cat (Malonek et al., 1997; Vanzetta and Grinvald, 1999; Kim et al., 2000) and monkey (Logothetis et al., 1999; Grinvald et al., 2000; Shtoyerman et al., 2000) , the existence of early deoxygenation remains controversial for other brain areas and other species. For example, several optical imaging studies have reported early deoxygenation in response to somatosensory stimulation in rat primary sensory (SI) cortex (Mayhew et al., 1999; Nemoto et al., 1999) , while MR studies (Mandeville et al., 1999a; Silva et al., 2000) were unable to detect it even at very high field strength (Silva et al., 2000) .
Therefore, the question remains whether the early deoxygenation is a general physiological property of the metabolic/vascular response to functional activation of the mammalian brain. In addition, the existence of early deoxygenation would challenge the concept of a tight coupling of cerebral metabolism and blood flow (Roy and Sherrington, 1890) under stimulated conditions, at least for the initial phase of increases in neuronal activity. While the answer to these questions is of obvious relevance to experimental as well as clinical functional neuroimaging in general, they are also important for our understanding of the mechanisms underlying neurometabolic and neurovascular coupling.
We here evaluate the time course of oxygen delivery and consumption in rat SI cortex in response to a physiological stimulus (whisker deflection). Independent methodological approaches (optical imaging spectroscopy, (single) microfiber spectroscopy, oxygen-dependent phosphorescence quenching) were applied to different modes of whisker deflection (single whisker, full whisker pad). Spectroscopic data were evaluated using different algorithms (constant pathlength, differential pathlength correction). We demonstrate that physiological activation does not elicit early deoxygenation in rat SI cortex, that constant pathlength analysis of spectroscopic data leads to the erroneous detection of early deoxygenation (which may account for some of the controversies in the field), and that hyperoxygenation is followed by a very delayed poststimulus deoxygenation.
MATERIALS AND METHODS
The results shown here are based on experiments performed in 17 male Wistar rats. In 4 of them, optical imaging followed by imaging spectroscopy was performed over a slit above the whisker barrel cortex, and in 4 other rats optical imaging was followed by microfiber spectroscopy. In the remaining 9 rats, activitydependent oxygen tension changes during single whisker or all whisker stimulation (n ϭ 6 and n ϭ 3, respectively) were measured using oxygen-dependent phosphorescence quenching. The sample volume of oxygen-dependent phosphorescence quenching measurement was larger than the cortical representation of a single whisker hair. Whole whisker pad stimulation was therefore performed to be sure not to miss regionally restricted changes in oxygen tension.
Animal Preparation
The rats (body weight 250 -350 g) were anesthetized with 3% isoflurane in 70% N 2 O and 30% O 2 . After tracheotomy, artificial ventilation was started using a small rodent ventilator (Effenberger, Pfaffing/Attel, Germany), and isoflurane was reduced to 0.8 -1.5%. Body temperature was measured and kept constant (38 Ϯ 0.5°C) using a heating pad. The left femoral artery and vein were cannulated, and a continuous infusion of physiological saline solution was started (1 ml/h). Body temperature, arterial blood pressure (RFT Biomonitor, Zwönitz, Germany), and endexpiratory CO 2 (CO 2 Monitor Artema MM 200, Heyer, Bad Ems, Germany) were monitored continuously, and arterial pO 2 , pCO 2 , and pH were measured periodically (Compact 2, AVL, Bad Homburg, Germany).
The animals were placed in a stereotactic frame and a closed cranial window was implanted over the right whisker barrel cortex (center of the window 7 mm lateral and 3 mm caudal to the bregma; for details see Lindauer et al., 1993) . The dura mater was kept intact and small epidural bleedings were stopped using microcautery, carefully avoiding heat damage to the underlying pial circulation. The exposed brain was covered with physiologic saline solution, and the cranial window was closed by a coverslip.
After surgery, anesthesia was switched to ␣-chloralose/urethane (40 mg/kg body wt ␣-chloralose with 400 mg/kg body wt urethane as iv bolus injection, followed by same dosage continuous iv infusion per hour within the first hour and then reduction of the infusion rate as necessary).
Whisker Stimulation
A single principle whisker hair (B1 or B2) on the left side was deflected in a rostral-to-caudal fashion using a small needle connected to a stimulation device. The deflection angle was ϳ5°, and the whisker hair was stimulated with a frequency of 4 Hz for 2 s (optical imaging and imaging spectroscopy) or 4 s (phosphorescence quenching).
In three rats using oxygen-dependent phosphorescence quenching, all whisker hairs were stimulated simultaneously using an air puff stimulation device (4 Hz, 4 s, deflection angle ϳ10°).
The stimulus was presented 20 to 48 times, and each curve in the figures is the calculated average of these repetitions unless mentioned otherwise in the legends.
Optical Imaging
Intrinsic optical signals (Malonek and Grinvald, 1996; Malonek et al., 1997) evoked by whisker stimulation were recorded on an enhanced video system (Imager 2001, Optical Imaging, Germantown, MD) attached to a macroscope (Ratzlaff and Grinvald, 1991) . The exposed whisker barrel cortex was first illuminated with light at 570 nm, and frames were collected at a rate of 25 Hz by a video camera through the glass coverslip of the closed cranial window. Consecutive frames were summed online with a resulting image rate of 2 Hz and stored to disk. The procedure was repeated with light of 600-nm wavelength.
Optical Imaging Analysis
Following image acquisition, maps of stimulus condition images were divided by baseline (nonstimulus) images. These activation maps were calculated and evaluated with MATLAB (The MathWorks, Inc., Natick, MA) and present areas of increased absorption at 570 nm (run 1) or 600 nm (run 2) occurring during stimulation. Imaging served to localize microvascular activation for spectroscopic and phosphorescence quenching measurements. It was used to focus data collection to the site of the vascular response of the activated barrel of neurons corresponding to the deflected vibrissa.
Imaging Spectroscopy
Imaging spectroscopy was performed as described earlier (Malonek and Grinvald, 1996; Malonek et al., 1997) , using the Imager 2001 workstation (Optical Imaging). The surface of the right whisker barrel cortex was illuminated with a broad-spectrum light source (450 -1000 nm, LOT-ORIEL, Darmstadt, Germany) and the reflected light was collected using a two-tandem-lense macroscope (standard camera lenses, f ϭ 50 mm, 1:1.2) that formed two image planes. The image of the first plane was restricted to a narrow slit (200 m), positioned over the center of the stimulated barrel, as detected by optical imaging (see above). A dispersing grating with grooves positioned parallel to the slit was set between the objective and the imaging lens of the second macroscope. The recorded image in the second image plane represented wavelength resolved images of the slit (wavelength range 480 -680 nm), presented as spatiospectral images (for experimental setup see Fig. 1 ). Spatiospectral images were accumulated by the video camera and digitized at a video rate of 25 Hz. These frames were averaged online, resulting in a time resolution of ϳ2 Hz (30 frames in 16.9 s data acquisition period).
Microfiber Spectroscopy
In four animals following optical imaging, the surface of the right whisker barrel cortex was illuminated with the same broad-spectrum light source (450 -1000 nm, LOT-ORIEL) and the reflected light from the microcirculation area within the center of the activated barrel was projected via a macroscope to a thin microfiber light guide (0.2 mm in diameter). The microfiber was connected to a spectrometer (Spectrometer ST2000, Ocean Optics Inc., Dunedin, FL) and the spectra (wavelength range of 480 -920 nm) were stored to disk with a time resolution of 3 Hz.
Imaging and Microfiber Spectroscopy: Spectral Analysis
Reflection spectra from each image point along the slit (horizontal lines in the spatiospectral image) or from the reflected light sampled by the light guide were analyzed by dividing stimulus-condition spectra by prestimulus-condition spectra. Individual spectral changes were fitted to spectra of oxy-Hb and deoxy-Hb components, and concentration changes in oxy-Hb and deoxy-Hb were calculated. We applied two different algorithms based on the Lambert-Beer law:
Here the attenuation change ⌬A ϭ log(I 0 /I) with light intensities I 0 and I, i is the extinction spectrum of the ith chromophore, and ⌬c i is the corresponding concentration change. The term DP signifies the wavelengthdependent pathlength. For constant pathlength analysis, we used the Lambert-Beer law without the inclusion of a wavelength-dependent pathlength term (D a () ϭ 1) for a fit of the attenuation profile of each pixel in the spatiospectral images for a spectral range of 490 -680 and 513-805 nm using imaging spectroscopy and microfiber spectroscopy, respectively (for detail see Malonek et al., 1997) . Since constant pathlength analysis does not take into account the specific optical properties of brain tissue but rather models the brain as an optically inert cuvette, we compared the results of this algorithm to an algorithm that employed a differential pathlength factor: Since the extinction spectra are distorted in tissue due to light scattering, and the photon pathlength within scattering tissue is wavelength dependent, the wavelength-dependent differential pathlength (DP()) was estimated from approximated tissue absorption and scattering coefficients (Monte Carlo simulation of light transport through tissue) and included in the modified LambertBeer equation. The calculation of DP() requires an assumption of the absolute concentrations of oxy-Hb and deoxy-Hb in the sample volume during resting state. Hemoglobin concentration was estimated to be 20 M with a mean saturation of 60% as determined for microcirculatory areas. Hemoglobin concentration and mean saturation other than those used for the present differential-pathlength-corrected analysis did not qualitatively change the time course of hemoglobin oxygenation changes during whisker deflection. All the details of the model assumptions and the algorithm are described by Kohl et al. (2000) . Using the pathlengthcorrected algorithm, the description of the attenuation spectra was significantly improved, as revealed by a decrease in the residues. Fitting for cytochrome oxidase or activity-dependent light scattering changes did not show any improvement of the fit and was not included in the analysis.
Oxygen-Dependent Phosphorescence Quenching
After detecting microvascular changes during singlewhisker deflection by single-wavelength optical imaging, a circular region of interest of about 1.3 mm in diameter was selected, which was located in the activated area of the whisker barrel and showed minimal contributions of visible blood vessels. During simultaneous stimulation of all whisker hairs (air-puff), the localization of the whisker cortex was determined by the architecture of the pial circulation on the surface of the exposed cortex.
The oxygen-sensitive phosphorescent probe oxyphor-R2 (Pd-meso-tetra-(4-carboxy-phenyl)porphyrin dendrimer, Oxygen Enterprises Ltd., Philadelphia, PA) was injected iv in a concentration of 40 mg/kg as a bolus. The cortex was exposed to brief flashes of green light (520 nm, bandwidth 10 nm, pulse length 15 s) at a frequency of 100 Hz, the flashes being focused on the selected region of interest. The emitted phosphorescent light (peak at 690 nm) was separated from the reflected excitation light by a dichroic mirror and a cutoff filter (at 590 nm) and focused onto a light guide. Light was then detected by a photomultiplier module (Hamamatsu H5702-50, Hamamatsu Photonics Deutschland, Herrsching, Germany) and light intensity values were sampled by a microcomputer at a sample rate of 10 6 Hz. Following each flash, 500 data points were stored, starting 20 s before and ending 480 s after the flash intensity maximum. Decay times of the phosphorescence were calculated for every flash by monoexponential fitting with the fit beginning 100 s after the flash intensity maximum, and pO 2 values were obtained from these decay times using the Stern-Volmer relationship 0 / ϭ 1 ϩ K q 0 PO 2 , with and 0 as the measured and zero-oxygen phosphorescence lifetimes, PO 2 as the oxygen tension, and K q as the second-order rate constant for quenching of phosphorescence for the probe Vinogradov et al., 1996) .
The average of 2 s of prestimulation decay times served as baseline, and changes in decay times during and after whisker stimulation were calculated.
Experimental Paradigm
In all animals of the single-whisker paradigm group, optical imaging was performed for localization of the activated barrel area. Optical imaging of the exposed cortical surface during and after 2 s of whisker deflection was performed with illumination of single-wavelength light at 570 nm (run 1) and 600 nm (run 2). Only after observing the activated barrel region in the calculated "global map," we continued with imaging spectroscopy, microfiber spectroscopy, or oxygen-dependent phosphorescence quenching measurements.
Stimulation Paradigm
Optical imaging. Each trial consisted of two 7.2-slong series (conditions) of image acquisition with a time resolution of 0.6 s. One condition served as baseline control and did not include stimulation (blank trial). The other condition represented the actual whisker stimulus condition with the 2-s stimulation episode at a frequency of 4 Hz starting 0.6 s after trial begin. Each of the image series was separated from the next one by a 15-s resting interval during which no images were acquired. The order of nonstimulus and stimulus condition were randomized, and 5 to 10 trials were performed. After image processing, global maps were generated to localize areas of activity.
Imaging spectroscopy. After positioning the slit over the activated area the angle of the dispersion grating was adjusted to project spatiospectral images to the CCD camera. Image series were extended to 16.9 s. Again, each trial included a nonstimulus condition and a stimulus condition with the 2-s 4-Hz stimulation episode starting after 2 s of baseline. Each of these series of image acquisition was followed by a 15-s interstimulus interval without data acquisition. Stimulus conditions and nonstimulus conditions were performed nonrandomized, and 45 stimulations were performed.
Microfiber spectroscopy. Spectra were recorded continuously at 3 Hz, and a 2-s stimulation period was performed every 60 s.
Oxygen-dependent phosphorescence quenching. Decay time curves were recorded for 15 s at 100 Hz. The stimulation trial consisted of a 2-s prestimulation interval followed by 4 s of whisker deflection (4 Hz) and 9-s poststimulation period. The blank trial consisted of 15-s data acquisition without stimulation. Stimulation trials and blank trials were randomly applied with interstimulus intervals of ϳ60 s.
Statistical Analysis
Oxygen-dependent phosphorescence quenching. A total number of 222 stimulations in six rats in the single-whisker stimulation study and a total number of 146 stimulations in 3 rats in the whole whisker pad stimulation study were compared for statistical analysis, respectively. Averaged stimulation trials in each animal were subtracted by averaged blank trials. The mean of prestimulation oxygen tension values (0.5 s before stimulation onset) was compared to the mean of the 0.5-s period 0.5 to 1.0 s after stimulation onset (period of expected early deoxygenation), to the mean of the 0.5-s period 4.5 to 5.0 s after stimulation onset (period of hyperoxygenation maximum), and to the mean of the 0.5-s period 9 to 10 s after stimulation onset (period of expected undershoot), using pairedsamples Student's t test (SigmaStat, Jandel Corporation). P values Ͻ 0.05 were considered statistically significant.
RESULTS

Physiological Variables
All physiological variables were stable and within the normal range throughout the whole experiment (see Table 1 ).
Optical Imaging Localizes Activated Whisker Barrel
In each animal, a monophasic decrease in the optical reflectance at 570 nm during single-whisker stimulation for 2 s was measured in an area centered 7 mm lateral and 3 mm caudal of bregma within the cranial window, representing large parts of the exposed whisker cortex. Optical reflectance decreased at 570 nm (Hb-isosbestic point), and this decrease peaked at ϳ4 s and started to return to baseline during the rest of the data acquisition time of 7.2 s. Switching to illumination at 600 nm, a decrease in optical reflectance was again observed, which peaked at 2 s, returned to baseline, and started to increase during the remaining data acquisition time (biphasic response). The time series of the imaged 600-nm reflectance changes is shown in Fig. 2A . During illumination at 600 nm, absorption occurs both by deoxyhemoglobin and by oxyhemoglobin, and the deoxyhemoglobin absorption is larger only by a factor 3 to 4 when compared to oxyhemoglobin. The early decrease in optical reflectance (darkening of the cortex) may therefore be caused by an increase in deoxy-or an increase in oxyhemoglobin, which cannot be discriminated during imaging at a single wavelength and must therefore be interpreted as an increase in total hemoglobin volume. The imaged optical reflectance changes at 600 nm in the 0.6-s period following stimulation onset covered an area of 1 ϫ 1 mm (Fig. 2B) , which is in accordance to data shown by Chen-Bee and Frostig (1996) and Polley et al. (1999) .
Imaging Spectroscopy: Correction for Wavelength Dependency of Photon Pathlength Eliminates Early Deoxygenation
In order to weigh pixel changes according to their baseline fluctuation a Student's t test was performed on the 600-nm optical imaging series comparing the pooled baseline values of each pixel to the pooled values of the four frames collected from 0.6 to 2.5 s after stimulus onset in each of the six stimulation trials (the period of the 600-nm attenuation increase). In each trial, prior to this analysis pixel values were divided by their mean baseline value. The results of this t test form an image of P values. Figure 2B shows these P values thresholded to show the area of highest significance, scaled to a colorbar and overlaid on a photograph of the cranial window. The black border shows the result of a binary operation performed on these pixels: It sets all the pixels of a 3 ϫ 3 square to 1 if the majority of pixels in this square is 1 and to 0 if not. This procedure was repeated until the result did not change anymore. The border thus outlines the area with the highest density of significant pixels.
An image of the cortical surface and the location of the slit according to the 600-nm map is shown in Fig.  2C . Spatiospectral images of the slit are processed to global maps using the same algorithm of dividing stimulus by nonstimulus images. They yield information about the spectral pattern of absorption changes (490 to 680 nm) caused by the stimulation along the slit like region of interest, which is marked by the colored region within the slit in Fig. 2C . The time course of the attenuation changes in the wavelength range of 490 to 680 nm following single whisker deflection is shown in Fig. 2D .
Absorption spectra at 1.4, 1.9, and 2.5 s following stimulation onset from one animal and the spectra calculated by constant pathlength analysis or differential pathlength correction analysis at the region of interest marked in Fig. 2C are shown in Fig. 3 . They form the basis for the calculated oxy-Hb and deoxy-Hb concentration changes. The calculated hemoglobin oxygenation change during deflection of a single whisker hair (mean for four rats) within the microcirculatory area at the activated cortical region is shown in Fig. 4 . Whereas Fig. 4A demonstrates the hemoglobin oxygenation changes based on the assumption of a wavelength-independent optical pathlength (constant pathlength analysis) in the microcirculatory area of the activated barrel region, hemoglobin oxygenation changes during whisker deflection analyzed by differential pathlength correction (DP()) are presented in Fig. 4B . The respective residues (mean value of the magnitude of the residual spectra) are presented as quality measure of the fitting procedure.
While fitting with DP()-corrected extinction spectra, the oxygenated hemoglobin in the microcirculatory region (center of the activated barrel) started to increase after 1 s of stimulation onset, reached its maximum at 3 to 4 s (peak of the response) and decreased below baseline for the rest of the data acquisition period (sustained oxy-Hb undershoot). Deoxy-Hb concentration did not change during the first 1.5 s of stimulation and started to decrease at the end of the 2 s stimulation period. The maximum of decrease was reached 4 s after stimulation onset; the deoxy-Hb concentration returned to baseline followed by a transient deoxy-Hb overshoot. Using constant pathlength analysis, the time course of oxy-Hb concentration changes during and after stimulation did not qualitatively differ from those achieved by differential pathlength correction analysis. In contrast, however, deoxy-Hb concentration started to increase at the same time as oxy-Hb, reached its maximum at the end of the stimulation period (2 s), decreased during the following 2 to 3 s, and returned to a higher level than prestimulation baseline.
The maximum of residue changes using the constant pathlength analysis was ϳ1.5 times larger than in the differential pathlength correction analysis.
Microfiber Spectroscopy: Stimulation Induces Monophasic Hyperoxygenation
Spectral analysis of the reflected light from the microcirculatory region at the center of the barrel cortex collected by the microfiber (1 ϫ 1-mm region) was performed using the constant pathlength analysis as
FIG. 2.
Optical imaging is used to direct imaging spectroscopy to the cortical area of activation: (A) Time course of 600-nm attenuation images (global maps) in one animal (mean of six stimulations, no scaling factor applied). During illumination at 600 nm, absorption occurs both by deoxyhemoglobin and oxyhemoglobin, and the deoxyhemoglobin absorption is larger only by a factor 3 to 4 when compared to oxyhemoglobin. The early decrease in optical reflectance (darkening of the cortex) may therefore be caused by an increase in deoxy-or an increase in oxyhemoglobin, which cannot be discriminated during imaging at a single wavelength and must therefore be interpreted as an increase in total hemoglobin volume. (B) P values of a Student's t test comparing images 2 to 5 (0.6 to 2.5 s after stimulation onset, six trials) to 72 baseline condition images. Prior to performing the t test, pixel values of each trial were divided by their mean baseline value in the individual trial. P values are scaled to a colorbar and overlaid on a photograph of the cranial window; the black line inside the activated area marks the border of the area of highest density of significant pixels. (C) Position of the slit and selection of the region of interest for the spectroscopic analysis. (D) Attenuation spectra acquired by averaging the region of interest across the spatial direction of the spatiospectral image series (48 stimulations).
well as the differential pathlength correction analysis in the wavelength range of 513 to 805 nm. Oxy-Hb concentration started to increase 1 s after stimulation onset, reached its maximum at 3.5 s, and returned to baseline within 7.5 s, followed by a small poststimulus undershoot. Deoxy-Hb started to decrease 1.5 s after stimulation onset, peaked at 4 s, and also returned to baseline within 7.5 s after stimulation onset, followed by a small poststimulus overshoot. An early increase in deoxy-Hb was only observed after constant pathlength analysis (Fig. 5) .
Oxygen-Dependent Phosphorescence Quenching
Brief excitation pulses on the exposed somatosensory cortex induced phosphorescence of the intravenously injected oxygen tension-sensitive probe Oxyphor R2. The intravascular oxygen tension led to changes in the phosphorescence life time of the probe due to quenching by molecular oxygen. The phosphorescence was sampled at a microcirculatory region within the center of the barrel cortex, and changes in the intravascular molecular oxygen concentration were calculated from the changes in phosphorescence decay time.
In Fig. 6 the time course of the calculated pO 2 changes is shown both for single whisker hair (n ϭ 6) and whole whisker pad (n ϭ 3) stimulation. Phosphorescence decay time minimally increased 1 s after stimulation onset. No statistically significant early deoxygenation was found in the averaged data from the two sets of experiments (single whisker and full whisker pad, respectively). In one animal of the single whisker group statistically significant early deoxygenation was found; the amplitude of the oxygen tension decrease amounted to approximately 10% of the following hyperoxygenation. In all animals phosphorescence decay time significantly decreased to a maximum 4 s after stimulation onset, representing a significant increase in microvascular oxygen tension due to whisker deflection (P Ͻ 0.001). A small undershoot in the intravascular molecular oxygen concentration occurred 9.5 to 10 s after stimulation onset (P Ͼ 0.05).
Comparing responses due to single whisker hair and whole whisker pad stimulation, no difference in time course in the oxygen concentration changes was observed (Fig. 6 ).
DISCUSSION
Using three independent modes of measurements we have characterized changes in hemoglobin oxygenation in the rat primary somatosensory cortex in response to vibrissal deflection. No evidence for early deoxygenation was found. This controversial issue is relevant to functional brain imaging with hemoglobin-oxygenation-sensitive techniques (near infrared spectroscopy, BOLD-fMRI) and more generally to our understanding of the physiological mechanisms of neurovascular coupling. Since the literature on the temporal pattern of brain-activity-dependent oxygenation changes is dominated by methodological issues (magnetic field strength, optical wavelength, etc.), and since we were able to demonstrate a significant dependency of the qualitative temporal pattern of hemoglobin oxygenation changes on the mode of analysis, several methodological issues must be discussed before physiological implications are considered.
Spectroscopic Analysis of Reflected Light from Brain Cortex
Following the pioneering work by Grinvald (Frostig et al., 1990) numerous studies have utilized reflection changes in the visible wavelength range to map functionally active cortical areas. More recently, spectroscopic analysis has been applied to the light reflected from functionally active areas to (1) reveal the underlying biochemical changes of these signals, (2) further   FIG. 3 . Attenuation spectra (black) at 1.4, 1.9, and 2.5 s following stimulation onset from one animal and the spectra calculated by constant pathlength correction analysis (red, left panel) or differential pathlength correction analysis (red, right panel) at the region of interest (see Fig. 2C ) are shown. The respective residues (blue) are presented as quality measure of the fitting procedure, which were larger using the constant pathlength correction analysis than using differential pathlength correction analysis, most prominent in the lower wavelength range of 490 to 540 nm. our understanding of the physiological processes involved in coupling neuronal activity to changes in cerebral blood flow, and, importantly, (3) validate results obtained with another hemoglobin-oxygenation-sensitive brain imaging modality, BOLD-fMRI (Kwong et al., 1992; Ogawa et al., 1992; Frahm et al., 1992; Bandettini et al., 1992) .
In principle, evaluation of spectroscopic data is performed according to the law of Lambert and Beer. The attenuation of light on its way through a solution in a cuvette is proportional to the concentration of the chromophore; however, the Beer-Lambert law is valid only for substances where there is essentially no light scattering, i.e., the light path equals the distance between light source and detector. In highly scattering, biological tissues, however, this assumption does not hold. Photons on their way through brain tissue are scattered; therefore, the optical path is longer than the distance between light source and detector. In a modified Lambert-Beer approach the longer pathlength is corrected for by the introduction of the DP(), the differential pathlength factor. This DP() is different for each wavelength. Ignoring the DP() correction not only leads to wrong values for chromophore concentrations (quantitative errors). Essentially, using a constant pathlength CP() implies using wrong extinction spectra for oxy-and deoxy-Hb and therefore potentially leads to qualitative errors (e.g., direction of changes) and cross-talk between the different concentrations as well. Therefore, evaluation of spectroscopic data using a constant pathlength of light permits only a first (potentially wrong) approximation of hemoglobin oxygenation changes during functional activation. In this first estimation, an early increase in deoxy-Hb was detected during single-whisker deflection with a concurrent increase in oxy-Hb. In accordance with our findings, former studies using optical imaging spectroscopy have reported early deoxygenation in response to visual stimulation in cats or monkeys (Malonek and Grinvald, 1996; Malonek et al., 1997; Shtoyerman et al., 2000) , or whisker deflection in rats (Nemoto et al., 1999) , also performing constant pathlength analysis. Using this approximation analysis, significant parts of the measured attenuation spectra cannot be explained, leading to high values of residues of the fitting curves. We therefore introduced the above-mentioned wavelength-dependent correction term, taking into account the optical properties of brain tissue. The wavelength-dependent differential pathlength (DP()) was estimated by Monte Carlo simulation and experimentally proven using the highly absorbing dye carbon black (Kohl et al., 2000) . The goodness of the fitting procedure was significantly improved as residues of the fitting curves decreased. In contrast to
FIG. 4.
Imaging spectroscopy: Calculated hemoglobin oxygenation change during deflection of a single whisker hair (mean for four rats) within the microcirculatory area at the activated cortical region: (A) hemoglobin oxygenation changes based on the assumption of a wavelength-independent optical pathlength (constant pathlength analysis) in the microcirculatory area of the activated barrel region. (B) Hemoglobin oxygenation changes during whisker deflection analyzed by differential pathlength correction (DP()). The respective residues (the mean values of all animals of the absolute values of the difference between fit and measured spectra, summed across all wavelengths) are presented as quality measure of the fitting procedure. The time course of oxy-Hb concentration changes during and after stimulation did not qualitatively differ from those achieved by constant pathlength analysis or differential pathlength correction analysis. In contrast, however, deoxy-Hb concentration changes in a biphasic manner due to whisker deflection after constant pathlength analysis, showing an initial increase, which was not detectable after differential pathlength correction analysis. The maximum of residue changes using the constant pathlength analysis was larger than in the differential pathlength correction analysis. Note that differential pathlength correction allows the calculation of absolute [Hb] concentrations in mM, while constant pathlength analysis only yields arbitrary units [AU] . Vanzetta and Grinvald's claim (1999) , we have shown that the calculated oxy-and deoxyhemoglobin changes are insensitive with respect to variations in the model assumptions (hemoglobin concentration, wavelength range), while it, e.g., very much depends on the wavelength used when the constant pathlength fitting is applied (Kohl et al., 2000) . The only reliable criteria for an assessment of data fitting are therefore the residues. As our improved algorithm gives smaller residual spectra, this is a strong indication for the validity of the algorithm.
Lack of Spectroscopic Evidence for Early Deoxygenation during Whisker Stimulation in the Rat
When we applied differential pathlength scaling analysis, the early increase in deoxy-Hb, which was FIG. 5. Microfiber spectroscopy: Concentration time courses of oxy-Hb and deoxy-Hb, calculated by spectral analysis of the reflected light (515-805 nm) from the microcirculatory region at the center of the barrel cortex collected by the microfiber (1 ϫ 1-mm region): An early increase in deoxy-Hb was only observed after constant pathlength analysis (A), which was not detectable after differential pathlength correction analysis (B). The improvement of the fit can be seen in the values of pixel residuals (the absolute values of the difference between fit and measured spectra, summed across all wavelengths). In both types of analysis, a small poststimulation under-(oxy-Hb) and overshoot (deoxy-Hb) occurred.
FIG. 6.
Time course of the calculated pO 2 changes following single whisker hair (A) and whole whisker pad (B) stimulation: Calculated activity-dependent oxygen concentration increased to a maximum 4 s after stimulation onset (P Ͻ 0.05), followed by a small undershoot in the intravascular molecular oxygen concentration 9.5 to 10 s after stimulation onset (P Ͼ 0.05). Comparing responses to single whisker hair and whole whisker pad deflection, no difference in time course in the oxygen concentration changes was observed. evident in constant pathlength analysis, was no longer detectable. Nemoto et al. (1999) demonstrated practically identical time courses and amplitudes of oxy-and deoxy-Hb changes in response to whisker stimulation in the rat compared to the initial publication of Malonek and Grinvald (1996) which studied the cat visual system. During the early increase in deoxyHb, oxy-Hb did not change. In both studies the wavelength dependence of the optical pathlength was not accounted for. Mayhew and co-workers (1999) , applying pathlength scaling analysis, in a recent study reported evidence for early deoxygenation in response to whisker stimulation. In their experimental data, low frequency baseline oscillations are present in both oxy-and deoxy-Hb, with amplitudes similar or even larger than the stimulation-induced oxygenation changes. Blood flow or blood oxygenation oscillations in the frequency range of 0.1 Hz with small amplitudes are characteristic features of the cerebral as well as extracerebral circulation, intermittently detectable under physiologic conditions (Lindauer et al., 1999) . During pathophysiologic conditions, such as hypotension or during nitric oxide synthase inhibition the amplitude of the oscillations dramatically increases, and they occur more regularly (Lindauer et al., 1999) . In addition, some anesthetic protocols, either by systemic (e.g., hypotension) or by direct vascular effects may interfere with the mechanisms of neurovascular coupling. During nitric oxide synthase inhibition, not only highamplitude oscillations occur, but also the amplitude of the blood flow response during somatosensory stimulation decreases significantly whereas the neuronal activity remains unchanged (Lindauer et al., 1999) . Under some conditions, high-amplitude oscillation of the cerebral circulation, as shown in the study by Mayhew and co-workers, may therefore be a sign of an impaired blood flow response and a partial uncoupling of neuronal activity and blood flow. We therefore speculate that altered physiological parameters or vascular responses to functional activation may unmask early deoxygenation by compromising the dynamics of flow adaptation to metabolic demand.
Our optical imaging spectroscopy measurements using slit spectroscopy had a time resolution of 600 ms, which may not be sufficient to detect very early changes in oxy-or deoxy-Hb concentration. To improve time resolution as well as to increase the fitting wavelength range, we performed microfiber spectroscopy during single-whisker deflection. Due to superior signal to noise ratio, stimulation-induced oxygenation changes were detected and recorded continuously during every single whisker stimulation. No evidence for the existence of an early deoxygenation was found, showing that we did not miss early deoxygenation in our slit spectroscopy data due to lower time resolution.
Oxygen-Dependent Phosphorescence Quenching Validates Spectroscopic Findings
We have shown that the finding of an early increase in deoxygenated hemoglobin during whisker deflection spectroscopy depends on the fitting procedure. While improving the fit, we were no longer able to detect early deoxygenation. This of course raises general concerns regarding spectroscopy, making measurements with independent methodology desirable. To this end, we have used oxygen-dependent phosphorescence quenching of an intravascular porphyrinic probe to measure cortical microvascular oxygen concentration during functional activation. Deflection of a single whisker hair or of the whole whisker pad caused a highly significant increase in molecular oxygen pressure within the circulation. No evidence was found for early deoxygenation preceding hyperoxygenation, except in one animal where a statistically significant drop (approx. 10% of the amplitude of the hyperoxygenation) in pO 2 was found. It has to be kept in mind, however, that in spectroscopic data without correction for wavelength dependence of the optical pathlength (Malonek and Grinvald, 1996; Malonek et al., 1997; Nemoto et al., 1999 ) the increase in deoxy-Hb reached almost 50% of the subsequent decrease in deoxy-Hb and that in the phosphorescence quenching study by Vanzetta and Grinvald (1999) the early drop in pO 2 had more than 30% of the amplitude of the hyperoxygenation.
The activated cortical area during whole whisker pad stimulation was larger than the sample volume of the technique, we thus conclude that the signal/noise ratio of our measurements would have permitted the detection of regionally restricted deoxygenation in the range reported by others.
An important methodological issue concerning oxygendependent phosphorescence quenching must be considered here. The calculation of changes in the concentration of oxygen using phosphorescence quenching is limited due to the assumption of a homogenous oxygen distribution in the sample volume, as well as the use of a monoexponential fit (Vinogradov et al., 1996; Lo et al., 1996; Vanzetta and Grinvald, 1999) . The oxygen tension within the sample volume within the brain cortex, however, is inhomogeneous, as different oxygen tensions are present in arterioles, capillaries, and venules. Modeling of data (not shown) suggests that there exist scenarios in which isolated changes in one of the vascular compartments without equal changes in the other compartments (which may occur during the early phase of a blood flow increase) can lead to quantitative and qualitative errors in the calculation of oxygen tension in the whole sample volume. We do not know whether theses caveats are of practical relevance to our measurements or those of others, but we wish to express caution against the view that the signals obtained by oxygen-dependent phosphorescence quenching are absolutely straightforward in interpretation.
Controversy over Early Time Course of Hemoglobin Oxygenation during Functional Activation
Based on studies using imaging spectroscopy in the cat visual system, Vanzetta and Grinvald (1999) have proposed that BOLD-fMRI utilizing the early deoxygenation signal should significantly improve the resolution of fMRI: (1) Spatial resolution would be improved by the ability to image areas of "pure" oxygen extraction that is neurons and glia with activation induced increases of oxygen metabolism, at a time when the overshooting oxygen delivery (blood flow response) has not yet set in. (2) Temporal resolution may be increased by the fact that the deoxyhemoglobin increase had its maximum already 2 s after stimulation onset, while hyperoxygenation peaks only after more than 5 s. The issue of early deoxygenation has therefore attracted intense attention, and many neuroscientists have studied it with fMRI or optical methods in various species and stimulation paradigms.
In accordance to our findings presented here, very recent functional MR studies (Mandeville et al., 1999a; Silva et al., 2000) were also unable to detect an early increase in deoxygenated hemoglobin during functional activation of the somatosensory system in rats, even at high field strength (Silva et al., 2000) . In contrast, as already discussed above, both other optical studies in the rat somatosensory cortex (Mayhew et al., 1999; Nemoto et al., 1999) did find early deoxygenation. In the primary visual cortex of the cat and monkey (Logothetis et al., 1999) there is fMRI evidence for early deoxygenation, although the results of Kim et al. remain controversial (Logothetis, 2000) . In humans, a number of studies indicate the presence of an early deoxygenation (Ernst and Hennig, 1994; Menon et al., 1995; Hu et al., 1997) ; however, the issue is still being discussed controversially (Fransson et al., 1998) .
Anesthesia, which affects systemic as well as brain circulatory and metabolic parameters (and thus potentially oxygenation), may well affect activation-induced changes in oxygen metabolism and blood flow. In the present study, we used ␣-chloralose/urethane anesthesia, which has been shown to be most suited for the study of neurovascular coupling (Lindauer et al., 1993) . Stimuli may have been applied in different intensities, and therefore different metabolic responses may have been elicited (see, for example, Vafaee et al., 1999) . Different neuroanatomical systems (visual, motor, sensory, etc.) , for example, due to differences in the content of cytochrome oxidase, may differ in the extent by which activation is able to induce oxidative metabolism (compare Fujita et al. (1999) with Vafaee et al. (1999) ). In addition, neurochemical mechanisms of the coupling of blood flow to brain activity may be different in various anatomical systems (compare, for example, cortex and cerebellum (Lindauer et al., 1999; Akgoeren et al., 1996; Yang and Iadecola, 1997) ). Clearly, there may be species differences in neurometabolic or neurovascular coupling, although no direct evidence exists for this notion with regard to rats, cats, and humans. In addition, very recent results by Grinvald and co-workers point against species difference and the influence of anesthesia as possible sources of the discrepancy between the fMRI and the spectroscopic measurements (Shtoyerman et al., 2000) . However, a potentially important difference between the above species, simply due to their different sizes, may be the cerebral transit times for the passage of blood from the large arteries to the draining veins. Due to higher blood flow and lower transit times in rats no or only a very short lag between the onset of the increase in mitochondrial activity and the increase in blood flow may exist, and hence no early deoxygenation might be detectable in rodents. Last but not least vast methodological differences exist between different studies, which do not only include modality (fMRI, spectroscopy, or phosphorescence quenching), but also technical details, such as magnetic field strength, optical wavelength range, or mode of analysis (for example, DPF() correction). However, none of the above-mentioned differences between studies can resolve the controversy regarding early deoxygenation in a straightforward manner.
In our study we used stimulation parameters comparable to other studies and an anesthetic regime during which rCBF responses occur with comparable time course and magnitude as in the awake state in humans. The fact that we found the appearance of early deoxygenation dependent on the mode of spectroscopic analysis and that improved analysis as well as oxygendependent phosphorescence quenching did not give evidence for early deoxygenation, together with very recent high field strength fMRI data in rat somatosensory cortex, leads us to conclude that in this species and anatomical system, early deoxygenation in response to functional activation does not exist in a detectable range.
Physiological Implications
Several recent papers postulate that deoxygenation in the local vasculature is the critical signal initiating and possibly maintaining the increase in blood flow in functionally active brain areas. Proposed mechanisms include the release of NO from S-NO-hemoglobin induced by the allosteric transition from oxy-to deoxyhemoglobin (Stamler et al., 1997) or the release of ATP from erythrocytes at low pO 2 (Dietrich et al., 2000) . Obviously, if no hypoxygenation exists in the blood, but rather hyperoxygenation, such mechanisms cannot be operative. This does not, however, preclude the existence of oxygen tension-related mechanism at the mitochondrial level, where extremely low oxygen tensions prevail (ϽϽ1 mm Hg) and minor changes in pO 2 might trigger yet unknown signals to the vasculature.
Until now, it remains unclear which signal other than deoxygenation may initiate the very early blood flow response and which factors or mechanisms mediate the sustained increase in CBF during increased neuronal activity. Neurogenic stimuli via perivascular nerve endings may act as rapid initiators to induce and maintain a moment-to-moment dynamic adjustment of CBF to locally increased neuronal activity. Whereas metabolites such as protons or adenosine can only provide a post hoc adjustment of regional CBF during functional activation, regulation via regional neuronal circuits with perivascular connection would serve CBF adaptation in anticipation or at least in parallel to the metabolic activation.
In their seminal paper, Roy and Sherrington (1890) have described a tight coupling between neuronal activity and cerebral blood flow. One hundred years later, evidence from PET studies seemed to challenge this concept, demonstrating disproportionate increases in CMRO 2 and cerebral blood flow during functional activation (Fox and Raichle, 1986) . Further proof of such "uncoupling" was deduced from the BOLD-fMRI and near infrared spectroscopic findings of intense hyperoxygenation during brain activation. Finally, studies demonstrating early deoxygenation (see above) further questioned the coupling dogma by presenting evidence for an initial uncoupling between oxygen metabolism and delivery. Since then, numerous experimental and modeling studies have addressed the issue of coupling/uncoupling. Vafaee and Gjedde (2000) and Buxton and Frank (1997) have put forward the concept that the transport of oxygen from the blood to brain tissue is significantly limited, which in the absence of capillary recruitment necessitates disproportional large increases in cerebral blood flow to support small changes in the metabolic rate of oxygen. The diffusion-limited model of oxygen delivery to brain tissue was independently validated by several groups (Hoge et al., 1999; Kida et al., 2000) . Our data, in which no early deoxygenation was detected and functional activation was characterized by increases in oxygen tension/hemoglobin oxygenation, are compatible with the oxygen diffusion-limited model and indicate complete coupling of neuronal activity and cerebral blood flow throughout the entire stimulation.
After cessation of stimulation we found a decrease in hemoglobin oxygenation as well as plasma oxygen tension (Figs. 4 -6 ) below baseline. Is this "poststimulation undershoot," which has also been reported in numerous BOLD-fMRI studies, indicative of "uncoupling?" The poststimulation undershoot can be explained by a temporal mismatch between changes in blood flow and blood volume and not by a role of oxygen metabolism (Mandeville et al., 1999b) : Arterioles actively modulate CBF, while capillaries and veins respond passively to pressure changes, leading to a "delayed compliance" of the latter vascular compartment. We therefore interpret the poststimulation undershoot as the result of the delayed return of regional blood volume to the baseline state, mostly in the venous compartment, and it does not indicate a mismatch between oxygen delivery and consumption.
In summary, using imaging spectroscopy we have shown that in the rat whisker barrel cortex, stimulation is accompanied by a significant increase of oxygenated hemoglobin, followed by an undershoot. An early increase in deoxygenated hemoglobin proceeded hyperoxygenation when spectroscopic data were analyzed conventionally. However, correcting for the wavelength dependence of photon pathlength in brain tissue completely eliminated the increase in deoxy-Hb. Together with recent fMRI data, our results argue against early deoxygenation as a universal phenomenon in functionally activated mammalian brain. Interpreted with a diffusion-limited model of oxygen delivery to brain tissue our results are compatible with coupling between neuronal activity and cerebral blood flow throughout stimulation, as postulated 110 years ago by Roy and Sherrington (1890) .
